The use of drug-delivering implants can minimise implant failure due to infection through a controlled medication release into the surrounding tissues. In this study, selective laser melting (SLM) was employed to manufacture Ti-6Al-4V samples, with internal reservoirs and releasing Micro-channels (MCs) to simulate what could be a drug-delivering orthopaedic or dental implant. Investigations were performed to optimise the design and SLM process
Abstract
The use of drug-delivering implants can minimise implant failure due to infection through a controlled medication release into the surrounding tissues. In this study, selective laser melting (SLM) was employed to manufacture Ti-6Al-4V samples, with internal reservoirs and releasing Micro-channels (MCs) to simulate what could be a drug-delivering orthopaedic or dental implant. Investigations were performed to optimise the design and SLM process A C C E P T E D M A N U S C R I P T parameters required to create the releasing MCs with minimum dimensional deviation to allow a controlled dosing of the drugs, while considering the process impact on the surface roughness and porosity of the builds. The build orientation, internal contour spacing, and laser process parameters were varied to assess their effect on the resolution of the MCs with diameters of ~200-500 µm. It was found that, vertically oriented channels were found to have the least dimensional deviation from the target dimensions compared with horizontallyoriented or inclined channels. The dimensional deviation of the MCs was found in range of 220-427 µm, while the horizontal surface roughness (Ra) was in range of 1.46-11.46 µm and the vertical surface roughness (Ra) was in range of 8.5-13.23 µm when applying energy density varying from of 27-200 J/mm 3 . It was found that, there was a clear correlation between the energy density with both dimensional deviation and horizontal surface roughness, while no correlation was found for the vertical' surface roughness. The study identified the optimum conditions to manufacture drug-delivering metallic implants, creating hollow samples with releasing MCs equivalent diameter of ~271 µm, horizontal surface roughness (Ra) of 4.4 µm, vertical surface roughness of (Ra) 9.2 µm, and build porosity of 1.4% using an internal contour of 150 µm and energy density of 35.7 J/mm 3 .
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Introduction
The demand for implantable medical devices is being driven by population growth to over 7 billions, the ageing population in the developed countries, and improvement in the healthcare in developing countries [1] . Medical technologies that improve healthcare have become abundant, especially for traumatic injury patients or those suffering from chronic illnesses.
The global sales of biomedical implants are estimated to reach $116 billion by 2022, with an annual growth rate of 7.1% from 2016 to 2022. The highest revenue-generating market in this sector is orthopaedic implants [2] . Surgeries of this type of implants have been wellestablished for decades, and have improved the medical conditions of patients who suffer from bone and joint problems. However, 10% of these surgeries fail [3] , mainly as a result of implant failure due to infection, fibrous encapsulation, and stress shielding. Among the aforementioned reasons, implant infections account for more than 20% of orthopaedics implant failures. Although surgery rooms, equipment, and implants are sterilised, infections still do happen. If a serious infection develops, revision surgery will be needed to remove the infected implant and implant a new one [4, 5] .
Infections in implants can be prevented through local delivery of drugs embedded within an implant (e.g. antibiotics, anti-inflammatory, pain relief, or wound-healing agents). Recently, antibiotics have been embedded in bone cement [6, 7] . Nonetheless, using this approach, there is no control over the drug release rates, which can either result in overdosing (i.e. toxic), or under dosing (i.e. ineffective). Furthermore, prolonged administration of an antibiotic may develop antibiotic resistance. An alternative approach to reduce or control implants-associated infections is to embed the drug within a reservoir inside the implant itself [7, 8] . Although, drug-eluting or drug-loaded orthopaedic implants show promising results, to date, there is no well-established manufacturing process nor clinical practice has been made for this approach, hence, further research is needed [9] [10] [11] [12] . Furthermore, the use of customised orthopaedic implants tailored to patients' medical condition, bot mechanically and therapeutically, is an attractive approach to achieve better patient outcomes.
Additive Manufacturing (AM) is a game changer for several applications especially in the medical sector. Compared to other manufacturing processes, AM offers lower production costs for customised low-batch components, with reduced material waste and shorter leadtimes when compared to conventional machining [13] [14] [15] . However, perhaps the greatest advantage, is that AM enables significant design freedom, allowing the manufacture of
complex-shaped parts with that would be impossible to manufacture by conventional means [16] [17] [18] . Selective laser melting (SLM) is an AM process that involves the use of a laser beam to selectively melt powder layers based on a designed CAD model, resulting in fusing a series of powder layers on top of each other under an inert atmosphere to create a 3D component [19] .
Titanium and its alloys have been widely used in orthopaedics and dental applications over the past few decades due to their excellent biocompatibility, superior mechanical and fatigue strength [20] . One particular alloy, Ti-6Al-4V, has been used for orthopaedic implants for several decades. The uniqueness of this alloy is good corrosion resistance, an ability to integrate with native tissues and a Young's modulus closer to bone than stainless steels or CoCr alloys [21, 22] . AM of Ti-6Al-4V orthopaedic implants has been studied by several research groups [23, 24] . Bracke et al. [25] studied the use of electron beam melting (EBM)
as an enabling technology to produce complex and functional Ti-6Al-4V cellular implants for the orthopaedic, dental, and maxillofacial remits, using the flexibility offered by AM to customise the implants according to patient's geometries using Computed Tomography (CT) data. They were able to control the stiffness of the implant by manipulating the density of the cellular structures. Others such as, Wicker et al. have focused on the mechanical properties of Ti-6Al-4V cellular knee implants manufactured by EBM [26] , whereas Sun et al. used SLM to create porous medical implant scaffolds using CT data, optimising the density of the cellular structure to control bone-implant interface instability and bone resorption [27] .
Okabe et al. studied the fatigue life of Ti-6Al-4V alloy fabricated by direct-energy EBM, Direct Laser Deposition (DED), and conventional manufacturing techniques for dental implants. They found that the DED Ti-6Al-4V parts show better fatigue life than the EBM, but a shorter fatigue life than the rolled Ti-6Al-4V samples [28] . Despite the wealth of work on AM of medical implants, no work is available on exploiting the design freedom of AM to manufacture drug-delivering metallic implants, which is the subject of the present investigation.
In order to utilise SLM to produce a drug-delivering implant, it is essential that drug release kinetics may be controlled. Assuming that the drug is going to be contained within an internal cavity (reservoir), the delivering channels may be manipulated to enable the prediction of the release rates, while being dense and biocompatible in order to integrate with the body tissues [29] . For instance, residual porosity even with small amount can degrade the mechanical
properties of the components, especially the fatigue. Therefore, the majority of recent AM research has been focused on the optimisation of the process parameters towards achieving near full density [30] [31] [32] [33] [34] . On the other hand, the surface topology of an implant has an important effect on the healing and integration with surrounding native tissues. Therefore, efforts have been made to control surface roughness of AM-fabricated implants in order to improve integration, particularly at the interface. In particular, surface topology plays a very important role in cell differentiation and attachment [35, 36] . To elicit a favourable biological response it has been recommended that the optimum surface roughness for orthopaedic implants should to be in the range Ra= 1-2 μm [37] .
This work focuses on using SLM to develop drug-delivering Ti-6Al-4V implants, with MCs 
Experimental

Design of the implant samples
The design of the implants are shown in Figure 1 . The samples were designed as hollow and cylindrical (10 mm in diameter, and 20 mm in height) to allow the characterisation of the internal structure using CT. A hole with a diameter of 2 mm was positioned at the top of the samples for the injection of the drug. In addition, a cavity with a diameter of 7 mm and a height of 13.5 mm was designed with various channel orientations connected to the surface extremes for drug delivery. One of the geometrical constraints of SLM is overhanging features, where a slightly inclined or flat feature is built directly on loose powder. This may lead to build distortions and failure of the build. This can be avoided by using an internal support structure to avoid the collapse of the structure being built. Another solution of this problem is to use self-supporting structures. The recommended angle for self-support structures depends on the material and the process parameters but in most cases, it is about 45˚. Therefore, the horizontal surface of the reservoir has been designed using a conical shape
with a 45º inclined angle to enable the production of a self-supporting surface. As SLM induces anisotropic microstructural, geometrical, and mechanical properties the releasing MCs were built using different orientations to identify which was optimal in terms of feature 
Design of Experiment
In this study, the design of experiment (DoE) was carried out using the response surface methodology. DoE was used to find a relationship between the laser input parameters in terms of power (100-200 W), scan speed (500-3000 mm/s), and hatch spacing (30-120 µm),
with the output parameters in terms of MCs dimensional deviation, surface roughness, and solid part density. This is to optimise the process responses towards achieving a minimum dimensional deviation and a target surface roughness in a range of Ra= 1-2 μm [37] .
The volumetric energy density (ᴪ), an empirical parameter, was used in this study to assess the influence of SLM parameters on the degree of consolidation, surface roughness, and geometrical accuracy of the samples, as given by [38] .
where P, ν, h, and t are the laser power (W) and scan speed (mm/s), h is scan spacing (mm), and t is the powder layer thickness (mm), respectively. The generated matrix of the process parameters of 17 samples and the corresponding energy density is shown in Table 1 . 
Selective Laser Melting
A M2 Cusing SLM system (Concept Laser, Germany) equipped with an Nd:YAG laser with a wavelength of 1075 nm, a constant beam spot size of 70 µm, a laser power of 200 W and a speed up to 4000 mm/s was used to build the implant model in an Argon atmosphere (<100 ppm). Gas atomised Ti-6Al-4V powder in the 20-50 m range (supplied by TLS Technik, Germany was used in the study. All the samples were built using a layer thickness of 20 µm.
The scanning strategy and geometry parameters, especially the use of internal and/or external contours, are other SLM associated factors. As shown in Figure 2 , an 'island scanning strategy' was used, whereby the build is partitioned into squares (islands). The islands are 
Qualitative and Quantitative Tests of the Micro-Channels
A screening qualitative test was carried out to identify those samples with blocked MCs. For this qualitative test, the cylindrical samples was subjected to a pressurised air stream, immersed underwater and visually inspected for any air bubbles leaking from the samples.
MCs that did not show air bubbles coming through them were noted as blocked and were excluded from further examination. Quantitative measurements were performed to calculate the dimensional deviation from the designed MCs diameter/area using a Hitachi TM300 desktop SEM and image analysis using ImageJ®.
The effective diameter ( ) is a term used to represent irregular holes in fluid flow scenarios using its wetted circumference (C) and area (A). ImageJ was used to fit an approximate polynomial curve through the opening of each micro-channel imaged using the SEM to calculate the circumference and the area of the fitted curve. The samples measurement was done in triplicate and the average values were recorded, representing as:
The dimensional deviation was calculated as the difference between the CAD designed target diameter and the effective diameter of the MCs using:
Surface Roughness
The surface roughness of the samples was measured using a SurrCorder SE1700 system, with a stylus tip radius of 2 µm. Normal mode of measurement was applied with an increment of 313 µm. The measure length was 2.5 mm, with a zero-prelength. Both the measure and return speeds were set to 0.1 mms -1 . Three measurements were carried out for the horizontal and vertical surfaces of each sample.
Micro-computer tomography
The implant models were scanned using a Skyscan1172 micro-computer tomography (micro- 
Results and Discussion
Dimensional Accuracy of the Micro-Channels
Effect of the Internal Contour
For its importance on the resolution and accuracy of MCs, the effect of the IC spacing was
studied. An example of the results is listed in Table 2 and Figure 3 . Figure 3 shows SEM images of the vertical MCs with respect to the IC spacing for samples built using 27 J/mm 3 . As shown, the IC tracks can be clearly identified around the microchannel. The width of the IC track was found to be in range of 150 µm -200 µm. For the MCs produced with a target diameter of 500 µm using an IC spacing of 25 µm, the effective diameter was found to be 157 µm, (Figure 3-a) . On the other hand, when IC spacing of 150 µm was used, the effective diameter was found to be 280 µm, Figure 3 
Effect of Build Orientation
The effect of build orientation on the MCs was investigated for the samples built using IC spacing of 150 µm. The quantitative and qualitative measurements for all the specimens are presented in Table 3 . The effective diameters were carried out on samples built with vertical, inclined, and horizontal MCs. In general, it can be noticed that the effective diameter of all channels is smaller than the target diameter regardless to the process parameters or IC 
Effect of Process Parameters on Dimensional Deviation and Surface Roughness
Statistical analysis of the collected DoE results was carried out to study the effect of the process parameters (laser power, scan speed, hatch spacing) on the response factors (dimensional deviation of the releasing MCs, and horizontal and vertical surface roughness).
The dimensional deviation of the MCs data was presented using the data collected for the vertical MCs with a designed diameter of 500 µm as they all were through holes, Table 4 . Each of the response surfaces is a function of laser power, scan speed and hatch spacing using the following regression equation:
where bi are responses coefficients that calculated based on the main and interaction responses of the process parameters. The values of the coefficients for the dimensional deviation of the releasing MCs, horizontal and vertical surface roughness are shown in Table   5 . The model fit (R 2 value) of the models were found the highest of 0.93 and 0.82 for the dimensional deviation and horizontal roughness, respectively. On the other hand, the R 2 value A C C E P T E D M A N U S C R I P T was 0.61 for the vertical roughness indicating a less precise model. It can be concluded that MCs built vertically had better dimensional deviation when compared to horizontal and inclined MCs. This is because the geometry of each slice built vertically was the same. As a result, vertical MCs appear identical because any building error is repeated for all the layers, generating more uniform edges, see Figure 5 . On contrary, for the inclined and horizontal samples, the geometry of each slice depends on its position in the vertical direction. This leads to the accumulation of the building errors and hence distorts or blocks the MCs. In addition, the meltpool depth can go up to several layers, which has a significant impact on the topology of the inclined and horizontal MCs. This is in agreement with a study by White et al. who calculated the meltpool depth of AlSi10Mg during an SLM process and found that the depth of the meltpool is varied from 3-30 layers [40] . Another reason for the geometry deterioration of the horizontal and inclined MCs is the lack of support of the top surfaces, while no supports are needed for vertical MCs. individual parameter, it can be concluded that the scanning speed has a great significant whereas, the power and the hatching spacing are less significant. This is because the design space of the laser power has less impact on the overall energy density as it only varies from 100 w to 200 w, which is 2 times. On the other hand, the scanning speed varies from 500 mm/s to 3000 mm/s which is 6 times and the hatching spacing varies from 0.2 to 0.8 which is 4 times. In a study by Qiu et al., the authors found that splashing and turbulence of melt pool observed using high speed camera were much pronounced when increasing the scan speed [41] . These explain why the melt pool becomes unstable with increased laser scanning speed. Figure 8b shows the experimental results of the vertical surface roughness in relation to the laser energy density. The figure confirms the weak dependency between the laser energy and the vertical surface roughness. Figure 9 shows SEM images of the lowest and highest vertical surface roughness samples. The figure reveals that the vertical surface roughness exhibit a larger amount of partially melt powder when compared to horizontal surface roughness, see Figure 7 . This is because that the powder bed supports the vertical surfaces during the melting and solidification of the part layers. Therefore, powder particles close to the melt pool were partially melt and stuck to the vertical surfaces, see Figure 9 . As reported by Jayasheelan et al. [43] , the rough nature of the SLM samples is due to the presence of partially melted particles on the surfaces of the fabricated samples. On the other hand, Figure 9 does not show a significant difference in the surface topology of the two samples. Possibly because the difference in the surface roughness values of the two samples is not significant. In summary, the experimental results indicate that vertical surface roughness cannot be significantly improved by optimising laser power, scanning speed or hatching spacing to meet the recommended biomedical implant roughness Ra= 1-2 μm [37] . Other parameters such as particle size distribution, layer thickness, and the position of the parts in the building platform have also shown to affect the vertical surface roughness [44] [45] [46] . Results from the horizontal surface roughness and the dimensional deviation of the MCs clearly indicate that an implant sample cannot simultaneously achieve an optimum dimensional deviation and horizontal surface roughness as shown in Figure 5 and Figure 7 . As dimensional deviation improves when using low energy density the horizontal surface roughness, Ra worsens. The best horizontal surface roughness of 1.45 µm was achieved when using the highest energy density of 200 J/mm 3 . However, using such high energy density resulted in deterioration in the geometry of the MCs and a low effective diameter of 73 µm was obtained for MCs with intended diameter of 500 µm. The best solution would be to optimise the process parameters with the best dimensional deviation using low energy density, followed by subsequent surface polishing to improve the surface quality.
MC Morphology
The presented results showed that the decrease in the laser energy density was more effective in producing samples with more accurate MCs that adhered most closely to the intended design. Therefore, samples 1, 5, 17 were selected for further investigation using MC morphology, Table 5 . XCT imaging was used to support the choice of samples with the least within the three samples were found to penetrate clearly into the reservoir region. As a result, the parameters used for manufacturing of samples 5 was selected and considered ideal for further investigation. Figure 11 illustrates the Ti-6Al-4V implant model manufactured via the optimum process parameters, which were used in the development of an antibiotic delivering orthopaedic implant (presented in our previous study) [10] . 
Conclusions
The present study investigated the feasibility of tailoring SLM to manufacture Ti-6Al-4V
samples with releasing-controlling MCs to be used as drug delivering implants. It was found that the build orientation and the internal contour of the MCs plays a key role in controlling the morphology and the effective diameter of the developed MCs. Vertical MCs with internal contour similar to the track width were found to have the least dimensional deviation from the target dimension of the MCs. The effect of the process parameters on the samples properties revealed that the dimensional deviation of the MCs and surface roughness of the samples could not be improved simultaneously. As the energy density was decreased, the dimensional deviation reduced, while the surface roughness worsened. Therefore, post-SLM polishing processes cannot be avoided in order to achieve the surface requirements of medical implants. The CT scan results identified the optimum processing parameters of samples with high accuracy releasing MCs and lowest porosity content. It was concluded that, samples with effective diameter of 229 µm and porosity of 1.4% could be obtained when using a low energy density of about 36 J/mm 3 . Finally, although the aim of this work was to develop well-controlled releasing MCs for drug delivering implants, the results highlight the possibility of using the same approach to create dense parts with micro/macro channels for other applications, such as heat pipes and fluid devices. 
